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Abstract
The intra-genomic variation in the internal transcribed spacer 
(ITS) region has led to misleading conclusions in the evolu-
tionary analysis of plants; understanding this variation is crit-
ical for correct evolutionary analysis based on ITS sequences. 
To reveal the ITS variation in tomato, entire copies of ITS1 se-
quences within tomato species were separated using denatur-
ing gradient gel electrophoresis (DGGE) and DNA sequence 
analysis. ITS1 copies varied significantly in sequence composi-
tion, but not in sequence length within the same tomato culti-
var. DNA sequence similarity of the ITS1 copies was 77–100%. 
Moreover, AT and GC contents in ITS1 copies from each to-
mato cultivar were significantly different, ranging from 50.4 
to 64.3% for GC and from 35.7 to 49.6% for AT. However, the 
length variation of ITS1 was insignificant, ranging from 279 
to 282 bp. Multiple copies of divergent ITS1 present in the to-
mato genome indicate that some copies may be paralogues. In 
conclusion, DGGE technique is a reliable and novel approach 
to reveal the entire ITS copy variation and the possible evolu-
tionary relationship of tomato.
Keywords: divergent ITS copy, DGGE, GC content, Solanum, 
tomato 
Introduction
The most widely used DNA marker in plant systemat-
ics is the ITS1-5.8S-ITS2 region of the nuclear ribosomal 
RNA (rRNA) transcription unit (Baldwin et al. 1995; Fe-
liner and Rosselló 2007; Marshall et al. 2001). By 1998, 
early surveys of the internal transcribed spacer (ITS) re-
gion in angiosperm species have shown that 2,900 se-
quences were deposited in GenBank (Hershkovitz et 
al. 1999). One third of the published reports for phy-
logenetic analysis in the last 5 years were based exclu-
sively on ITS regions (Álvarez and Wendel 2003). A re-
cent study showed that publicly available ITS sequences 
have tripled since 2003; the number of Embryophyta se-
quences has gone from 23,937 in 2003 to 74,866 in 2007 
(Calonje et al. 2009).
Using the ITS region to infer phylogenetic relation-
ship at the species or the generic level has several ad-
vantages: biparental inheritance, easy polymerase chain 
reaction (PCR) amplification with several universal 
primers, moderate size for easy sequencing, multiple 
sets with thousands of copies or paralogues, and suffi-
cient variation for phylogenetic comparison (Álvarez 
and Wendel 2003; Mayol and Rosselló 2001, Poczai and 
Hyvönen 2010). However, the existence of highly diver-
gent rRNA types within a single genome can cause ho-
mogenization to proceed extremely slowly, particularly 
when the rRNA types are located on different chromo-
somes. Under such situations, silenced rRNA loci can 
evolve independently as pseudogenes (Baldwin et al. 
1995). These pseudogenes and recombination between 
paralogues will result in great variation in the ITS re-
gion; therefore, using the ITS region to refer evolution-
ary analysis will lead to erroneous conclusions (Buckler 
et al. 1997; Sanderson and Doyle 1992).
Intraspecies ITS variation has been discovered in 
several plant species. This intraspecies variation has 
caused homoplasy and low bootstrap value support 
(Alvarez and Wendel 2003; Bohs 2007; Feliner and Ros-
selló 2007). Razafimandimbison et al. (2004) have re-
vealed high levels of ITS polymorphism in three trop-
ical tree species [Adinauclea fagifolia (Teijsm & Binn. 
Ex havil. Ridsdale), Haldina cordifolia (Roxb.) Rids-
dale, and Mitragyna rubrostipulata (K. Schum.) Havil.] 
of the coffee (Rubiaceae) family (30, 40, and 14%, re-
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spectively) and attributed the polymorphism to the ex-
istence of highly diverse putative pseudogenes. Mayol 
and Rosselló (2001) compared ITS sequences of the ge-
nus Quercus from two different laboratories, who re-
ported conflicting hypothesis about phylogeny. One 
laboratory showed that high levels of ITS variation 
was caused by paralogues with higher rates of substi-
tution and lowered secondary structure stability. In-
traspecific variation levels were over 42% in ITS2 for 
Quercus suber and up to 27% in ITS1 for Quercus ru-
bra. The contrasting results were due to analyzing dif-
fering subsets of the ITS1 region. Hughes et al. (2002) 
studied a total of 87 sequences from 65 accessions of 
Fabaceae and have identified 26 of them as pseudo-
genes. Buckler and Holtsford (1996) characterized 78 
ITS cloned sequences in maize (Zea mays, including 13 
clones that were amplified without DMSO. They found 
four sequences to be pseudogenes with a low GC con-
tent (62–65%) compared with the normal gene GC con-
tent of 70–73%. Moreover, Rausche et al. (2002) investi-
gated intra-genomic ITS diversity in the allopolyploid 
complex of Glycine tomentella using repeat-specific PCR 
primers in a mismatch amplification of low-copy ITS 
repeats. They also found that significantly variable ITS 
copies existed in G. tomentella.
The abundance of ITS sequence variability within 
plant species suggests that some plant classes have a 
long history of duplication, incomplete homogeniza-
tion, and pseudogenization in their genomes (Bortiri et 
al. 2001; Cronn et al. 2002). ITS sequence variations have 
been also found in other eukaryotes including beetles 
(Vogler and DeSalle 1994), yellow monkey flowers Mim-
ulus (Ritland and Straus 1993), coral Acropora (Marquez 
et al. 2003; Odorico and Miller 1997), the fungus Fusar-
ium (O’Donnell and Cigelnik 1997), and Trichaptum ab-
ietihum (Ko and Jung 2002), Scutellospora (Hijri et al. 
1999), Gigaspora (Zeze et al. 1997), sponges (Wörheide et 
al. 2004), and Ascochyta (Fatehi and Bridge 1998).
The existence of diverse ITS copies suggests that 
multiple clones from a single individual need to be se-
quenced (Buckler and Holtsford 1996) in order to reveal 
this variation. PCR conditions must be varied or specif-
ically designed primers must be utilized to obtain the 
divergent copies (Jason et al. 2002; Rausche et al. 2002). 
However, it is unknown how many clones have to be 
cloned to detect the ITS variation. Furthermore, lack of 
sequence availability in GenBank and other public data-
bases would preclude primer design to target different 
ITS copies. Likewise, fluorescent in situ hybridization 
or genomic in situ hybridization data may not exist to 
reveal array number and chromosomal distribution for 
rRNA. Therefore, exploring new approaches to quickly 
locate and analyze divergent ITS copies is crucial for 
both accurate plant evolutionary analysis and plant pro-
genitor or lineage assignment.
Denaturing gradient gel electrophoresis (DGGE) 
might be a potentially sensitive technique for separating 
variable ITS copies in the plant genome. DGGE has been 
successfully used to study point mutations directly from 
human cell (Michikawa et al. 1999); detect single-base 
substitutions, small deletions and insertions from other 
genes (Tuddenham et al. 1994; Sheffield et al. 1989); and 
characterize microbial communities in normal and ex-
treme environments (Liu et al. 2008; Muyzer et al. 1993). 
Denatured DNA that differs in nucleotide sequence is 
separated by acrylamide gel electrophoresis in the pres-
ence of a linear gradient of denaturants (Muyzer et al. 
1993). Purified DNA fragments amplified from individ-
ual DGGE bands can be sequenced and identified by 
Blast search (Altschul et al. 1997).
The objective of this study was to explore the multi-
ple divergent ITS1 regions present in tomato (Solannum 
lycopersicum L.) using DGGE analysis to determine how 
many different ITS1 copies exist in each tomato line and 
hybrid. Since tomato has long been a classic model spe-
cies for plant genetics and evolutionary genomics (Bohs 
2007; Rivard and Louws 2008), we decided to choose one 
commercial cultivar and three root stocks for this study. 
We believe that the information obtained will be highly 
valuable for tomato breeding and cultivar comparison.
Materials and Methods
Plant Material
One cultivar and three root stocks of tomato (S. lycoper-
sicum) were chosen for the characterization of ITS1 cop-
ies and phylogenetic analysis (Table 1).
DNA Extraction and Primer Design
Total genomic DNA was extracted from dried leaves of 
2-week-old seedlings using DNeasy Plant Mini Kit fol-
lowing the manufacturer’s instructions (Qiagen, Valen-
cia, CA, USA). PCR primers were designed based on rep-
resentative sequences of ITS deposited in GenBank. The 
following ITS1 sequences representing various S. ly-
copersicum (AB373816, FJ998172, FJ998171, AB373815, 
AB373814, EU760390, DQ314157, AY552528, AF244747, 
AJ300200, FJ998171, AB373815, AB373814, DQ001746, 
AJ300201, and EU760392) were retrieved from GenBank 
(National Center for Biotechnology information; http://
www.ncbi.nlm.nik.gov ), aligned using ClustalX (default 
setting; Thompson et al. 1997), and S. lycopersicum genus-
specific primers [forward primer ToF: GGAAGGAGA-
AGTCGTAACAAGG (22 bp, which corresponded with 
GenBank sequence of DQ314157 from bases 14 to 35); 
reverse primer ToR: GTTCTTCATCGATGCGAGAG 
(20 bp, which corresponded with GenBank sequence of 
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DQ314157 from bases 319 to 338)] were designed based 
on the homologous regions specific to ITS1 sequences in 
S. lycopersicum. A fragment of 280 bp was amplified.
PCR Amplification
Two microliters of plant DNA (20 ng/μl) was used for 
PCR amplification. Each 50-μl reaction mixture con-
tained 5 μl of 10× PCR buffer (Invitrogen, Carlsbad, 
CA, USA), 2.5 μl of deoxynucleoside–triphosphate mix 
(2.5 mM each), 2 μl bovine serum albumin (in milli-
grams per milliliter), 2 μl of both forward and reverse 
primers (2.5 uM), and 0.2 μl Taq polymerase (5 U/ml, 
Invitrogen). A 40-base GC clamp was attached to re-
verse primer ToR for DGGE analysis (Muyzer et al. 
1993). PCR parameters were 94 °C for 2 min, 94 °C for 
1 min, 55 °C for 1 min, and 72 °C for 2 min, for a total of 
30 cycles, with a final extension at 72 °C for 10 min.
DGGE Analysis
DGGE was performed with a Decode universal muta-
tion detection system (Bio-Rad Laboratories, Hercules, 
CA, USA). Seven microliters of the PCR product was 
loaded onto an 8% acrylamide gel (acrylamide/bis so-
lution, 37.5:1; Bio-Rad) with a linear chemical gradient 
ranging from 20% to 70% denaturant [7 M urea and 40% 
(v/v) formamide]. Gels were run for 7 h at 104 V. The 
acrylamide gels were kept at 60 °C in 1× TAE buffer. 
The gel was stained with SYBR green I nucleic acid gel 
stain (1:10,000 dilution; Molecular Probes, Eugene, OR, 
USA) and photographed on a UV transilluminator (Liu 
et al. 2008).
Excision and Re-amplification of the DGGE Bands and 
DNA Sequence Analysis
The middle portions of the major DGGE bands were 
carefully excised on a UV transilluminator table and 
transferred to 50 μl distilled water. The DNA was al-
lowed to diffuse for 48 h at 4 °C, and 0.5 μl was used 
as the template for PCR amplification with GC-clamped 
primers under the conditions noted previously. The re-
amplified PCR products were rerun on DGGE gel to 
affirm the band position. The confirmed bands were 
additionally amplified using non-GC-clamped prim-
ers following the same PCR conditions. The final PCR 
product was purified using a Quick PCR purification 
kit (Qiagen) and directly sequenced using the ToF and 
ToR primers at the Genome Research Laboratory at the 
North Carolina State University, Raleigh, NC, USA. Se-
quencing reactions were carried out with ABI PRISM 
Dye Terminator Cycle Sequence Ready Reaction Kit 
(Applied Biosystems Inc., Foster City, CA, USA).
Table 1. Information on the tomato cultivar and root stocks used in this study
Plant material Parental species Availability Seed company
German Johnson S. lycopersicum × Solanum sp. Commercial Reimer Seeds
Big Power S. lycopersicum × Solanum sp. Commercial Rij Zwaan
Beaufort S. lycopersicum × S. habrochaites  Commercial De Ruiter Seeds
Maxifort S. lycopersicum × S. habrochaites  Commercial De Ruiter Seeds
Table 2. Similarities of tomato ITS1 sequences match to closest relatives in GenBank
Bands Length (bp) Accession no.a  Similarity (%) Accession no.b  Species
Band1 279 GU815245 86 AB373816 S. lycopersicum clone ITS1
Band2 278 GU815246 87 EU760390 S. lycopersicum clone ITS1
Band3 279 GU815247 89 EU760390 S. lycopersicum clone ITS1
Band4 281 GU815248 87 AB373816 S. lycopersicum clone ITS1
Band5 278 GU815249 86 EU760390 S. lycopersicum clone ITS1
Band6 270 GU815250 90 AC215351 S. lycopersicum clone ITS1
Band7 279 GU815251 92 EU760390 S. lycopersicum clone ITS1
Band8 279 GU815252 77 EU760390 S. lycopersicum clone ITS1
Band9 279 GU815253 84 AB373816 S. lycopersicum clone ITS1
Band10 279 GU815254 91 AB373816 S. lycopersicum clone ITS1
Band11 281 GU815255 91 AB373816 S. lycopersicum clone ITS1
Band12 282 GU815256 91 AB373816 S. lycopersicum clone ITS1
Band13 280 GU815257 100 AB373816 S. lycopersicum clone ITS1
a. GenBank accession numbers of the ITS1 sequences of tomato cultivars deposited from this research
b. GenBank accession numbers of the ITS1 sequences of tomato cultivars in GenBank matched to the sequences from this research
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BLAST Search for Species Identification
Representative sequences derived from the excised 
bands of DGGE gels were compared with sequences de-
posited in GenBank using BLASTn (default setting) al-
gorithm (Altschul et al. 1997) to search for close evolu-
tionary relatives. The sequence datasets were aligned 
using the program ClustalX (Thompson et al. 1997). 
All representative sequences have been deposited to 
GenBank with accession numbers from GU815245 to 
GU815257 (Table 2 and Figure 2).
Results
DGGE Analysis
Approximately 280-bp fragments were amplified us-
ing tomato ITS1 specific primers (ToF and ToR) from 
one commercial cultivar and three root stocks of tomato 
(Figure 1a). PCR products from each cultivar were fur-
ther separated into multiple bands using DGGE. The 
different bands on the DGGE gel represent different 
ITS1 copies in the tomato genome. Commercial culti-
var German Johnson possesses eight bands, indicating 
that this cultivar has eight divergent ITS1 copies; like-
wise, Big Power root stock has ten bands, indicating ten 
divergent ITS1 copies; Beaufort root stock has 12 bands, 
indicating 12 divergent ITS1 copies; and Maxifort root 
stock has ten, bands indicating ten divergent ITS1 cop-
ies. Moreover, different cultivars not only share the 
same band patterns but also possess their own unique 
bands (Table 1). For example, German Johnson and the 
three root stocks share bands 1, 2, 3, 6, 7, and 8. Beau-
fort possesses the unique bands 4 and 12. Big Power 
and Maxifort possess band 11. Big Power, Beaufort, and 
Maxifort share band 10 (Figure 1b and Table 3).
Sequence Identification Based on Blast Search
Blast search showed that all band sequences (ITS1 cop-
ies) from the DGGE gel were from tomato. Only the se-
quence of band 13 revealed 100% identity with sequence 
Figure 1. a) An approximately 280-bp fragment was amplified 
using the primers ToF and ToR designed based on the ITS1 re-
gion of the representative sequences of tomato cultivars (S. lyco-
persicum) from GenBank. b) Amplified DNA shown in (a) were 
run on DGGE gel and different ITS1 copies (DGGE bands) of 
the tomato cultivars were separated, which showed a signifi-
cant variation of the ITS1 copies in the same species. Different 
cultivars not only share the identical sequence of the ITS1 copies 
but also possess different sequences of the ITS1 copies.
Table 3. Distribution of ITS1 copies and similarity of the ITS1 copies in each cultivar
Bands Length  Similarity Difference German  Big  Beaufort Maxifort 
  (bp)  (%)a   (%)b  Johnson Power
Band 1 279 86 14 + + + +
Band 2 278 87 13 + + + +
Band 3 279 89 11 + + + +
Band 4 281 87 13 − − + −
Band 5 278 89 11 − − + −
Band 6 270 89 11 + + + +
Band 7 279 92 8 + + + +
Band 8 279 77 23 + + + +
Band 9 279 84 16 + + − +
Band 10 279 91 9 − + + +
Band 11 281 84 16 − + + +
Band 12 282 91 9 − − + −
Band 13 280 100 0 + + + +
Similarity (%)c        77–100 77–100 77–100 77–100
a. Similarity of sequences of the ITS1 region (represented by each DGGE band) compared with the sequences of band 13
b. Difference of sequences of the ITS1 region (represented by each DGGE band) compared with the sequences of band 13
c. Similarity range among the sequences of the ITS1 copies in each cultivar
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AB373816 in GenBank. Other DGGE band sequences 
(ITS1 copies) in each cultivar had only partial similarity 
to sequences in GenBank (91 to 77%; Table 2).
Similarity of the ITS1 Copies in Each Cultivar
A total of 13 major bands (ITS copies) were separated 
using DGGE for all tested tomato plants (Figure 1b). 
The bands were excised and re-amplified using prim-
ers without a GC clamp, followed by DNA sequence 
analysis. The results showed no significant variation in 
the length of ITS1 copies among each cultivar and root 
stock, ranging from 278 to 282 bp. The exception is band 
6 with only 270 bp due to an 11-bp deletion in the mid-
dle portion of the ITS1 copy (Table 2 and Figure 2).
There was a significant sequence difference among 
ITS1 copies in each cultivar and root stock. The se-
quence of band 13, which has the highest GC content 
(Table 4), was dissimilar to other ITS1 band sequences 
by 8–23%. Band 7 was most similar to band 13, with a 
Figure 2. Sequence alignment of the different 
copies of ITS1 sequences of tomato cultivars (S. 
lycopersicum) from the excised DGGE bands, 
which showed significant variations in the se-
quence of ITS1 copies within the same species. 
The GenBank accession number of each band on 
the DGGE gel was listed on the left. a: Accession 
numbers of the DGGE bands deposited in Gen-
Bank. The underlined sequence is the sequence 
of band 13, which is 100% similar to AB373816 
from GenBank
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variation of only 8%, whereas band 8 was the most dif-
ferent with dissimilarity at 23% (Table 2). Furthermore, 
the variability of ITS1 sequence among cultivar and root 
stocks of tomato was between 8 and 23%.
Comparison of AT and GC Contents Among ITS1 
Copies
The GC content of band 13 was the highest (64.3%) and 
the AT content was the lowest (35.7%. On the other 
hand, the lowest GC content (50.4%) and concomitant 
highest rate of AT (49.6% was in band 6. The rest of the 
bands’ GC composition (51.6–59.1%) was lower than 
band 13 and the AT composition (42.4–48.4%) higher 
than band 13 (Table 4).
Discussion
An ITS1 region with 9–13 divergent ITS1 subtypes were 
found in tomato cultivar and root stocks. The same ITS1 
copy sequence is often shared by different cultivars, but 
each cultivar may also possess unique ITS1 subtypes. 
Some ITS1 sequences have significantly higher AT con-
tents. These may be nonfunctional pseudogenes which 
have been reported to be AT-rich relative to the GC (Li 
and Graur 1991). The ITS region has high rates of substi-
tutions and deletions, which reflect the reduced thermo-
dynamic stability of the RNA structure (Sang et al. 1995) 
and may give rise to these pseudogenes. Pseudogenes 
discovered from Q. rubra, Quercus acutissima, and Q. su-
ber have a remarkably lower GC content and an average 
ITS sequence dissimilarity of 17.29% (Manos et al. 1999). 
Moreover, most of the ITS sequences of A. fagifolia, H. 
cordifolia, and M. rubrostipulata were found to be puta-
tive pseudogenes. Five sequences of A. fagifolia are as-
sumed functional alleles because they possess a higher 
GC content of 66.1–67.48% (Razafimandimbison et al. 
2004).
The ITS loci may be widespread, but under-detected 
within angiosperms. Mayol and Rossello (2001) noticed 
that a phylogenetic analysis of Quercus based on ITS se-
quences resulted in conflicting hypothesis due to the 
presence of two highly divergent sequences within sev-
eral Quercus. The sequence divergence of the ITS region 
in Quercus was far greater than the usual <5% reported 
in the literature. Moreover, pseudogenes were found in 
two oak species, Quercus petrea and Quercus robur, which 
hybridize commonly and share three divergent rRNA 
types, two of which were demonstrated to be pseudo-
genes (Mui et al. 2001).
Significantly divergent ITS copies occur in plant ge-
nomes, perhaps arising from incomplete concerted evo-
lution. Under incomplete concerted evolution, some 
copies of the tandem arrays become non-functional pseu-
dogenes and further intensify rRNA pattern diversity Ta
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(Koch et al. 2003; Li and Graur 1991; Wendel et al. 
1995). Some rRNA types brought together by hybridiza-
tion may be silenced by nuclear dominance and subse-
quently evolve as pseudogenes. Alternatively, hybrid-
ization may cause chromosomal rearrangement and 
relocation of rRNA copies to different chromosomal po-
sitions and, thus, reduce the homogenizing effect of con-
certed evolution (Mui et al. 2001). Concerted evolution 
is probably responsible for the complex patterns follow-
ing the merging of ITS repeats within a single genome 
(Álvarez and Wendel 2003).
Pseudogenes and paralogues can be used to track pa-
rental relationships and hybrid speciation (Sang et al. 
1995). In this study, the ITS1 copies in root stocks Beau-
fort, Big Power, and Maxifort are more similar than ITS1 
in the commercial variety German Johnson. These root 
stocks, therefore, might be more closely related and pos-
sibly originated from a common ancestor as compared 
to German Johnson. Early research showed that the ITS 
region was successfully used to evaluate parental rela-
tionships and hybrid speciation in the G. tomentella com-
plex (Rausche et al. 2002). Similarly, the lineage rela-
tionship of natural populations of Arabis divaricarpa was 
elucidated by detecting multiple intra-individual ITS 
copies in several A. divaricarpa accessions in the paren-
tal species, Arabis holboellii and Arabis drummondii (Koch 
et al. 2003).
Our study is the first to characterize the entire ITS1 
set between tomato cultivars using DGGE analysis. 
If heterogenic sequences exist in the ITS region of the 
plant genome, these variable copies might give mislead-
ing results when used in phylogenetic analysis. There-
fore, the evolutionary relationship based on ITS region 
with multiple divergent copies in early work, especially 
in eukaryotes, should be reevaluated.
Public nucleotide databases contain thousands of 
plant ITS sequences (Gemeinholzer et al. 2006), provid-
ing an invaluable source of raw DNA sequence data for 
taxonomic identification. However, the percentage of 
ITS pseudogenes is unknown. Furthermore, it is difficult 
to differentiate sequences of functional vs. non-func-
tional genes from ITS sequences submitted to Genbank. 
Nevertheless, we believe that this will not affect primer 
design for detecting multiple divergent ITS sequences. 
Phylogeneticists and taxonomists can simply download 
representative sequences of ITS regions from GenBank, 
align the sequences, and design universal primers for 
DGGE analysis.
This research demonstrates that divergent ITS1 cop-
ies exist in tomato and are not due to preferential ampli-
fication of the ITS1 region. The same DGGE band pat-
terns were repeatedly amplified using DNA extracted 
from leaves, roots, and seeds of tomato, respectively 
(data not shown). The ITS2 region might also have mul-
tiple divergent copies in the tomato genome, and fur-
ther DGGE analysis is needed to clarify this.
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